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Abstract
Accurate metering of slug flows is important in many industries that handle multiphase products. For the oil and
gas industry the harsh environmental conditions mean that non-invasive and non-intrusive instruments are preferred.
Cross-correlation meters, particularly those based on electrical tomography, offer a potential solution to this problem
but sufficient accuracy has proved difficult to achieve, with the primary issue being that the measurement is dominated
by the motion of interfaces rather than the bulk fluid. In the work reported here, results are presented for flows of oil
and nitrogen gas in a horizontal pipe of diameter 10.2 cm. Superficial velocities of liquid and gas range from 1 m/s to
3 m/s and 0.4 m/s to 3 m/s respectively. By analysing the structures of liquid slugs via tomography, it is found that
three significantly different slug front structures occur. The high-speed and spatial resolution of Electrical Capacitance
Tomography (ECT) enables independent measurement of individual slug fronts and tail as well as average slug velocity.
Based on detailed measurements of slug structures and velocity profiles, we go on to show that using differential-based
cross-correlation and the average velocity of slug front and tail, an overall accuracy of better than +/− 5% is achieved
for estimation of the mixture superficial velocity. This is an equivalent level of accuracy to that obtained using intrusive
methods such as optical fibre probes, which are less suitable for oil and gas applications.
Keywords: electrical capacitance tomography, slug flow, two-phase, cross-correlation, translational velocity, slug front,
slug tail.
1. Introduction
Multi-phase flows exist within a large range of indus-
tries, including chemical, process, nuclear, and oil and gas.
The accurate and reliable metering of such flows are there-
fore important in all these cases, and give the potential for
large financial benefits where they can be applied. A po-
tent example can be seen within the oil and gas industry,
where, traditionally, multiphase mixtures obtained at oil
wells require separation to occur at the well, to allow single
phase measurement of the components. Despite the bene-
fit of increased accuracy of single phase measurement, the
separation process is itself costly, due to required equip-
ment, and inefficient, compared with merging the process
at fewer locations.
Slug flow is a common phenomena in industrial multi-
phase flows, caused by the effect of the Kelvin-Helmholtz
instability on waves at the fluid/gas interface [1]. The ef-
fects of oscillating temperature and pressure caused by this
flow pattern has promoted much research into the model-
ing, and in some applications, the prevention of slugging.
Despite this, it is accepted that such procedures can be un-
reliable and lead to loss in production [2], and hence the
need for accurate measurement of slug flows will continue.
For measurement and analysis of two phase slug flow,
many experimental techniques are available, including high
speed cameras (with transparent pipe sections) [3], acous-
tic emission [4], optical fibre probes [5], wire mesh sensor
[6], capacitive sensors [7, 8] and ultrasonic doppler sensors
[9] to name a few. Despite these techniques being viable
in their own right, when considering applications in envi-
ronments encountered in the oil and gas industry, there re-
main some issues. For example, transparent pipes required
for visual techniques are not feasible for most applications.
Similarly, probes and sensors requiring direct contact with
the fluid cause maintenance issues due to the harsh envi-
ronment encountered, and many newly developed devices
currently lack the capability to measure fast enough for
industrial flows. Ultrasonics based methods overcome, in
part, these issues. The probes are usually integrated into
the pipe wall, and despite not interrupting the flow, they
can be prone to deposit build-up and have costly mainte-
nance issues. Clamp-on ultrasonic techniques can be prob-
lematic for certain flow regimes such as stratified, due to
sensitivity to flow profiles [10].
Electrical Capacitance Tomography (ECT) is an ex-
ample of a device suitable for such applications [11], due
to its non-intrusive and non-invasive nature, mature de-
velopment stage, and relatively low cost. There is also a
distinct advantage in using ECT in comparison to simply
a capacitive sensor, as it facilitates the ability to conduct
more advanced cross correlation techniques, as discussed
later in this paper. Furthermore, tomographic devices pos-
sess the additional ability of flow regime detection [12, 13],
which could be used in conjunction, to develop a gen-
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eralised approach to multiphase metering in the future.
Cross-correlation flowmeters have been demonstrated as
a powerful tool in multiphase flow measurement [14, 15],
where fluctuating signals are measured at two separate lo-
cations via probe sensors, or non-intrusive techniques such
as ECT. The time delay between correlated signals can be
used along with the distance between sensors to obtain a
velocity measurement. This is viable if the distance be-
tween sensors is short enough to ensure minimal change in
the flow structure [16], while conforming to the restriction
posed by the sampling frequency, and image reconstruc-
tion time of the instrument [17].
In the application of cross-correlation to measure slug
velocity, the window of integration can be extended or
shortened, depending on the amount of data being in-
cluded in the process. Larger correlation windows have
been used to obtain average correlation of multiple liquid
slug signals [18], which is attractive in unstable cases, for
example, when closer to transition zones between differ-
ent flow regimes, where slugs are non-uniform in length
and frequency. Alternatively, a smaller window, though
still longer than the slug duration, can provide individ-
ual slug velocity measurement [5] whilst maintaining a
strong ‘pulse like’ signal, which is more suitable for cross-
correlation. Although the different integration windows
described may be most suited to continuous slug velocity
measurement, the most informative technique is to con-
sider separately the slug fronts and tails [19, 20]. The mea-
sured slug front and tail velocities are then either treated
separately, or an averaged value is used as the measured
translational velocity [21]. Finally, care must be taken to
ensure that the signal produced by either front or tail, is
representative of the actual slug velocity [20].
The application of the discussed methods to recover
the mixture velocity has been achieved using a range of in-
strumentation, although the specific correlation techniques
tend to be similar. Zhang and Dong [22] used a resis-
tance based tomography device and cross correlated the
raw voltage data, as opposed to a reconstructed image,
obtaining an error margin of 10% with a noticeably better
accuracy for mixture velocities less than 2m/s. However,
their method included using sample data to construct a
coefficient matrix to assist the measurement. Reis and
Goldstein [23] achieved a greater accuracy for a larger
range of mixture velocities for steady points using a ca-
pacitance method, though tests conducted near the flow
regime transition zone gave large discrepancies, which were
attributed to velocity discontinuities along the gas / liq-
uid flow. Ahmed [24], also used a capacitance sensor for
investigation of slug flows, obtaining a more reliable linear
trend between slug translational velocity and mixture ve-
locity but with a noticeable deviation for higher mixture
velocities, as with Zhang and Dong [22], as well as for low
tested values of mixture velocity (< 0.5m/s). Van Hout
et al. [5] went further to analyse the effect of pipe inclina-
tion angle on such measurements, and successfully derived
a model to account for dispersed bubble within the liquid
slug region, achieving an overall a prediction within 15%
of the measured flowrates. The deviation in these results
was relatively low, which can be attributed to the use of
fibre optic probes being intrusive to the flow, and hence
not a suitable solution for the environments encountered
in many applications.
The main aim of this paper is to evaluate the differ-
ent methods of applying cross-correlation to slug flows
in order to achieve the best possible measurement accu-
racy. This entails an assessment of how the structure of
the slug front and tail affects the measurement and thus,
which structures give representative measurements, and
the best technique for each distinguishable type of slug
structure.The results for estimating the mixture velocity
for both the conventional and selective techniques can then
be compared to other work.
2. Experimental set-up
Flow loop
Tests conducted in this work were performed on the
multi-phase flow loop at the National Engineering Labo-
ratory (NEL) Glasgow, UK. The flow loop is depicted in
Figure 1, consisting of a test section of internal pipe di-
ameter 0.102m, and a large gravity separator system. It is
capable of delivering refined oil at rates up to 140m3/hr
with an uncertainty of < 1%, and gas at rates of up to
600m3/hr with an uncertainty of < 1.5%. The line pres-
sure in the flow loop can operate within a gauge pressure
of 0 to 15bar(g), and the line temperature can be main-
tained within the range of 5 to 55°C, with the controlled
temperature and the fluid properties monitored at each
test point
The fluids are transported via centrifugal pumps, and
reference flow measurements of each phase are taken prior
to mixing by turbine meters, calibrated and traceable to
the UK national standard. The test section is a horizon-
tal transparent acrylic pipe with a 20mm wall thickness,
mounted with the clamp-on ECT device. The range of
1.png
Figure 1: Schematic of Multi-phase flow rig at the National Engi-
neering Laboratory (NEL), Glasgow, UK.
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component velocities used for this work span between 1
m/s to 3 m/s for liquid superficial velocity, and 0.4 m/s
to 3 m/s for gas superficial velocity. The oil used in
the experiments is ParaFlex HT9 with a stated density
ρl = 830kg/m
3 and viscosity µl = 18cP , along with nitro-
gen gas. During the experiments, temperature in the flow
loop varied between 20.7 and 23.5°C, causing a density
range of 829.1 to 831kg/m3, along with a viscosity range
of 15.88 to 17.87cP , therefore a minimal effect of temper-
ature variation on the fluid properties and flow regimes is
provided within the flow loop.
ECT system
The system used for measurements in this work is a
clamp-on, 8 electrode, dual plane ECT system provided
by Atout Process Ltd., consisting of the sensor, capacitance
measurement system and a control PC, along with dedi-
cated software for analysis. The capacitance measurement
system has the capability of sampling at 5 kHz [25], al-
though this was reduced in the current work to reduce data
size, while maintaining sufficient temporal resolution of the
capacitance measurements. The sensor operates by multi-
plexing measurements between each electrode pair (giving
28 independent measurements) to give a capacitance read-
ing. The values are then converted into images through
the use of pre-calculated sensitivity maps and LBP (Lin-
ear Back Projection) as an image reconstruction technique.
A technical summary of the ECT sensor is provided in Ta-
ble 1, and details of the capacitance measurement system
are shown in Table 2. The distance between the two mea-
Property Value
Type APL-S-SL-140
Nominal sensor I.D 0.14m
Number of measurement planes 2
Number of electrode segments 8
Total electrically guarded length 0.225m
Axial length of measurement electrode 0.032m
Axial seperation of measurement planes 0.068m
Table 1: Technical summary of the ECT sensor.
Property Value
Type TFLR5000
Capacitance measurement range 6fF - 400fF
Maximum image capture rate 1500 fps
Measurement resolution < 0.1fF
Measurement noise level < 0.03fF RMS
Communication Ethernet
Excitation frequency (square wave) 2.5MHz
Table 2: Technical summary of capacitance measurement system
(data acquisition hardware).
surement planes in the ECT sensor is 6.8cm, this is small
enough to ensure that the fluid structures remain similar
2.png
Figure 2: Electrical Capacitance Tomography (ECT) sensor provided
by Atout Process Ltd. in operation at NEL.
at both measurement points, without adversely affecting
the principle design of the sensor [16]. The images can
then provide information about both phase fractions and
distribution, (allowing analysis of flow regimes and slug
structures) as well as the ability to cross-correlate the im-
ages, or specific zones within the image as required. The
device is portrayed in use on the multiphase flowloop at
NEL in Figure 2.
Prior to testing, the ECT system requires a calibration
procedure. This allows the system to adjust to the specific
electrical permittivity encountered for the oil and gas type
used throughout testing. This procedure consists of filling
the test section with oil only, to obtain the high permit-
tivity point, and subsequently gas only, to obtain the low
permittivity point. During each calibration, the measure-
ments gathered are averaged over a short time span (≈ 5s)
to ensure the calibrated capacitance values are not signif-
icantly disturbed by flow inconsistencies or measurement
noise.
Procedure
For each test point conducted, the protocol was as fol-
lows. Firstly, the designated flowrates were achieved and
allowed to settle within the optimum tolerance of the ref-
erence flowmeters. Once achieved, raw capacitance mea-
surements were obtained for around 90 s for each test us-
ing the ECT system. After this, the capacitance data was
checked to ensure no issues with connections or calibration
were apparent, then the data analysis stage was completed
offline, including: image reconstruction, cross-correlation,
and the final data procedures outlined in this work.
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3. Measurement method
Measurements obtained from ECT are used to recon-
struct images within the pipe by LBP. The advantage of
using this method is in its simplicity and fast processing
rate. Although more advanced reconstruction methods are
available, such as iterative based methods [26], LBP is
specifically suited to this application, due to the relatively
simple fluid geometry encountered in horizontal slug flows.
Also, additional parameters needed for the more advanced
methods (such as number of iteration steps) can cause arti-
ficial artifacts to appear within the image if an appropriate
value is not used, which adds complexity to the process,
especially over large ranges of flows.
Cross-correlation method
3.png
Figure 3: Example output from both measurement planes of the ECT
system for two slugs passing through the sensor, forming the basis for
cross-correlation. The signals represent the measured permittivity
for the top half of the pipe cross-section only, indicated by the light
grey area of the image in the top right.
Considering that fully reconstructed images of the flow
are available through ECT, the cross-correlation process
can be performed independently, in separate defined seg-
ments of the obtained cross-sectional images. The advan-
tage of this is to allow the regions within the flow to be
defined in terms of size and position, to specifically suit a
particular structure of fluid passing the sensor [27]. This
is of particular importance in ensuring that the measured
velocity refers specifically to the speed of the passing slug,
as opposed to wave propagation at the fluid/gas interface.
Figure 3 displays a typical output from the ECT system.
The relative permittivity is obtained from the normalised
capacitance data and fluid properties, constrained to the
area of the cross-sectional image, depicted in grey in the
top left graphic. Two signals are present, one from each
measurement plane, in which the time difference between
the signals provides the basis for cross-correlation. The
data has been reduced to show only two separate slugs
passing through the sensor, which, due to the relatively
high slug translational velocity, is necessary in order to
clearly distinguish the two signals. For each cross-sectional
zone created, the cross-correlation function can be de-
scribed as:
Rxy(τ) = lim
T→∞
1
T
T
0
x(t)y(t+ τ)dt (1)
where: x(t) and y(t) are the measured functions of per-
mittivity (or relative density) in time, T is the length of
time within the process and the region between 0, and T is
the integration window for the selected data segment. At
the maximum of this function (Rxy(τ)), the correspond-
ing value of τ is taken as the transit time of the body in
question. The cross-correlation velocity, or in this work
the measured slug translational velocity is given by:
Ucc = UT = L/τ (2)
where UT and L are the slug translational velocity and
distance between sensor planes respectively. In this study,
four separate correlation zone configurations are used, pre-
sented in Figure 4. The first (a), represents a full cross-
4.png
Figure 4: Configurations of cross-correlation zones (zone maps) used
in this work.
section conventional setup, (b) is similar, with the main
difference being that we can specifically select only the
top half of the cross-section, giving a more sensitive sig-
nal to cross-correlate when the flow moves from stratified
to slug. This ensures that the velocity of entrained gas
in the film section of the flow is not included in the mea-
surement. Zone (c), is an annular based map which only
occupies the top half of the cross-section, giving similar ad-
vantages as those of (b), but allowing analysis of the flow
profile. Lastly, (d) is a fully annular configuration which
is used when the flow is axis-symmetric, with its specific
use demonstrated in Section 4.
Different configurations of cross-correlation have been
used in this study. Firstly, in line with conventional use,
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a large integration window (5 s) is used to give a single
averaged measurement for slug translational velocity over
an entire data set. In this case, we consider multiple slug
occurrences together, which represents a baseline similar
to that used in other work. In order to measure specific
slugs individually, the correlation window is decreased to
a value similar to the slug duration, permitting an aver-
age velocity of individual slugs. Alternatively, the window
can be decreased significantly (to ∼ 0.3s dependent on slug
size). This allows two different measurements: the velocity
of gas entrainment within the slug, but also, the indepen-
dent measurement of both slug front and tail velocity. The
final method described is assisted by cross-correlating the
differential of the signal, i.e. with x(t) and y(t) in Eq. (1)
replaced with dxdt and
dy
dt .
Mixture velocity prediction
The ability to accurately measure the translational ve-
locity of slugs is only of significance if it can be directly
related to the phase flowrates. As pointed out by Dukler
and Faber [28], by far the most popular method in use is
that of the linear relation between slug translational veloc-
ity and the mixture superficial velocity suggested by [29],
described as:
UT = CoJ + Udj (3)
where: J = Jg + Jl is the mixture superficial velocity,
with Jg and JL as the superficial gas and oil velocity re-
spectively, Co is the distribution parameter and Udj is the
drift velocity.
This relationship has received much attention by its
application for the drift flux model [30, 31], and to the
measurement of the speed of kinematic wave propagation
through cross-correlation flowmeters [32]. Most work on
this relationship concentrates on deriving expressions for
both the distribution parameter Co and the drift velocity
Udj . A crucial finding specifically for slug flows, was that of
a critical mixture Froude number presented by Bendikson
[33],
Frm =
Jg + Jl√
ρl−ρg
ρl
gD
(4)
where: D is the diameter and ρg and ρl are the gas and
liquid densities respectively.
A critical value of 3.5 was given for which a change in
velocity exists due to flow pattern transition. The follow-
ing expressions will be used for prediction in this work,
based on both the drift flux model [31], and the work of
Bendikson [33], respectively.
Co = 1.2− 0.2
√
ρg
ρl
(5)
Udj = 0.54
√
gD (6)
{
Frm ≥ 3.5⇒ Co = 1.2− 0.2
√
ρg
ρl
Frm < 3.5⇒ Co = 1.05
}
(7)
{
Frm ≥ 3.5⇒ Udj = 0
Frm < 3.5⇒ Udj = 0.54
√
gD
}
(8)
4. Results and discussion
Slug front structures
By analysing the ECT images at the fronts of the oil
slugs encountered in the flows tested, it is possible to class
them according to their appearance. By doing this, we
can analyse the cross-correlation data for the different slug
fronts, and by comparing to theoretical prediction of the
translational velocity; infer the effects of the slug front
appearance on the accuracy of measurement. Figure 5
depicts the 3 distinct slug front structures (a,b and c)
encountered, and an example of a slug tail structure (d)
which is reasonably consistent for all slugs.
To obtain the images, the segment of data covering
the evolution from stratified flow to the main slug body
(cross-section of oil with some entrainment) is isolated for
the selected slugs. The 2D images for each timestep within
this segment are stacked on a 3D axis, and finally the num-
ber of images are reduced to display the most significant
transitions. The spacing between each image is adjusted
to ensure a clear image of the structures. It is therefore
important to note that the aspect ratio of the images are
exaggerated, and do not represent a comparable length of
the different structures, hence no units along the axis are
given.
The colour maps for the images are chosen to provide
clear distinctions between each stacked image as well as
intermediate values. Areas of high permittivity fluid (oil)
are shown in blue, whereas low permittivity fluid (gas)
areas are transparent, which is required when images are
presented in this way in order to observe the change in
structure over time. As is typical in ECT images, the in-
terface between the two fluids is represented by the green
area, and defines a point in the cross-section where nei-
ther only oil or only gas is present. This exists for two
main reasons: firstly, the electrodes measure over a small
volume as opposed to just a 2D plane as the images sug-
gest, therefore the sensor can measure axially separated
oil and gas at the same point in the cross-section. Sec-
ondly, ‘blurring’ of the interface is a common trait of LBP
image reconstruction, due to the assumptions made in the
algorithm.
Figure 5 (a) illustrates a typically expected configura-
tion, where the fluid rises vertically up through the cross-
section, or from a more central position to form the liq-
uid slug. The images also show that the predominantly
oil areas (blue) remain stable at the bottom of the cross-
section and build gradually to fill the intermediate areas.
This structure is the most commonly observed within the
data sets and corresponds to a stable slug motion. Fig-
5
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Figure 5: Stacked tomographic images illustrating the different types
of slug front structures ((a),(b) and (c)) and slug tail structure (d))
encountered in the experiments covering the full flow range. Blue
area indicates oil, green intermediate and transparent for gas.
ure 5 (b) depicts a gas core structure where an annulus
of oil first appears, and the core subsequently fills shortly
afterwards, with our preliminary measurements showing
the annulus moving noticeably faster than the slug. As
previously, the structure is relatively stable with only the
initial core structures close to interfacial values (green ar-
eas), quickly replaced by high permittivity values. Figure
5 (c) displays an example of a more unstable structure,
where an initial fluid structure, traveling faster than the
slug, can appear from random locations within the cross-
section. This can vary in its form, but can be categorised
by its non-conformance. It is shown in this image that
when the pipe cross-section is initially filled, much gas en-
trainment is present, portrayed by the green intermediate
colour representation. This continues for much longer than
the previous two structures, further indicating the instabil-
ity, and providing justification for separating these slugs
from the more stable types. Finally Figure 5 (d) shows
the form of a typical liquid slug tail as the flow becomes
stratified, this structure is relatively consistent for all tails
observed in the tests. Due to its settling structure (inverse
similarities to Figure 5 (a)), there is some difficulty in pre-
scribing a suitable correlation zone map to represent the
structures movement.
The objective of the following sections is to show that
the slug structures identified previously can be used to
identify which slugs represent, more accurately, the true
translational velocity of the flow, and hence can be used
to disqualify those deemed unrepresentative. Also, the
structure should dictate the type of zone maps used for
cross-correlation, to ensure that the slug body’s movement
itself is what is measured, as opposed to some entrainment
or fluctuation at the liquid-gas interface. By using the
combination of these two methods, a greater linearity be-
tween translational slug velocity and mixture velocity can
be achieved, and therefore improved metering.
Velocity profiles
An initial method to provide some validation for us-
ing appropriate correlation zone maps for a particular slug
front structure, can be achieved through obtaining veloc-
ity profiles. The most susceptible structure to this is the
vertically rising structure depicted in Figure 5 (a). Due
to its evolving structure, the zone map in Figure 4 (c) is
used, with the number of zones increased to produce more
in-depth profiles, and focusing on the top half of the pipe
where change occurs. For a single test at Jg = 2.19m/s
and Jl = 1.37m/s , ECT data from five separate slug
fronts, which fall into the category selected, are cross-
correlated using the zone map stated. This provides an
average velocity measurement for each vertical segment,
which are plotted to provide the velocity profiles shown
in Figure 6. The results are viable due to the known oc-
currence of wave structures in liquid slugs for industrial
flows, where velocity increases when approaching the top
or outer regions of the pipe, and levels out near the pipe
wall. It is noted that the zone map area at the wall of the
pipe will not portray the effects of wall shear stress due
to the nature of the cross-correlation method. In compar-
ison to other zone maps, which is found to be the most
reliable. In some cases, where the structure rises as a flat
surface rather than more centrally, it is found that a strat-
ified based map gives a similar result, although as this is
less common and the results so similar, the annular based
zone map is deemed a better choice.
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Figure 6: Measured axial velocity profile (top half of pipe only) of
slug fronts. With different colours representing separate slugs in a
single test, with slug fronts of type shown in Figure 5 (a), encountered
during experiment at Jg = 2.19m/s and Jl = 1.37m/s
Figure 7 displays the same method, but applied to the
slug tail (as seen in Figure 5 (d)). As mentioned previ-
ously, the selected zone map does not necessarily match
the structures dynamic behaviour, and therefore the via-
bility of the profile is undermined. However, area-averaged
results are comparable to the use of the zone map shown
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in Figure 4 (b). Therefore, the same approach as pre-
viously is adopted to provide averaged velocity measure-
ments of each zone map segment axially spaced along the
top half of the pipe for multiple slugs from the same test
(Jg = 2.96m/s and Jl = 1.025m/s). The results, though
not as stable as the previous test, seem to show an oppo-
site behaviour, with the fluid in the top or at the walls
of the top half of the pipe traveling relatively slowly, then
accelerating as the centre point is approached. Finally,
7.png
Figure 7: Measured axial velocity profile (top half of pipe only) of
slug tails. With different colours representing separate slugs in a
single test, with slug tails of type shown in Figure 5 (d), encountered
during experiment at Jg = 2.96m/s and Jl = 1.025m/s
Figure 8 illustrates a measured velocity profile of slugs
with a gas core front structure, as seen in Figure 5 (b),
measured by use of the zone map depicted in Figure 4 (d).
In this case, cross-correlation velocity is measured in each
annular segment, giving an axisymmetric velocity profile
for multiple ‘gas core’ type slugs observed at Jg = 0.98m/s
and Jl = 1m/s. Such measurements become difficult due
to the entrainment present, especially within the core, and
ensuring only the main fluid body is measured is difficult
to guarantee. Despite this, the result clearly shows a sig-
nificant change between core and annulus which will be
analysed in a later section. Also, a reduction of veloc-
ity near the top of the pipe is observed, this may be due
to gas pockets around the pipe circumference, observable
from the image.
For all the velocity profiles measured, good consistency
between measured profiles of similar structures during the
same test is achieved. All velocity profile plots have been
displayed with the same velocity range to provide some
comparison between the range of values encountered. A
false origin of 2m/s is used to achieve this while maintain-
ing a clear presentation of the data.
Selective measurement
In order to understand the effects of each slug struc-
ture type on the overall measurement, it is necessary to
analyse each individual slug velocity (both front and tail)
for a particular data set, and compare this to the predic-
tion of translational velocity. It is noted that the theoret-
ical prediction, although based on the reference measure-
ments, is only expected to serve as a guideline of the true
8.png
Figure 8: Measured axisymmetric velocity profile of slug fronts .
With different colours representing separate slugs in a single test,
with slug fronts of type shown in Figure 5 (b), encountered during
experiment at Jg = 0.98m/s and Jl = 1m/s
value, due to the inaccuracy present in the correlations.
Also, due to the industrial scale flow experienced within
the testing, reasonable deviation of the slug translational
velocities with respect to their mean values is expected.
Figure 9 (top) shows an example testpoint where the front
and tail velocity (red and blue points respectively) of ev-
ery slug encountered are plotted against time (as observed
in the test), using the zone map depicted in Figure 4 (b).
The mean of both front and tail velocities separately are
also displayed by their corresponding coloured line, along
with the theoretical prediction of slug translational veloc-
ity, displayed by the black line. It is assumed that the
more representative the measurements are, the theoretical
prediction (black line), will be closer to the centre between
the mean front and tail velocities (red and blue lines).
Figure 9 (bottom) shows the same data as previously,
except only slugs which exhibit stable rising structures
(Figure 5 (a)) are included (selective measurement), with
mean values adjusted to only include the measurements
present. The results clearly show an improvement when
selective measurement is conducted, where the prediction
line sits closer to the centre of the front and tail mean
velocities. This is mainly achieved, through the reduc-
tion in mean slug front velocity, which confirms the pre-
viously made statement that the interfacial instabilities
move faster than the true translational velocity. Another
observation which can be made is the benefit of averag-
ing the front and tail velocities, as opposed to using either
individually. This is important in reference to the tail ve-
locities, as they are consistent in their structure, and thus
obtaining a reliable measurement is easily achieved.
Behaviour of slug fronts and tails
A further way of analysing slug structural effects, is
through the comparison of slug front and tail velocities.
As pointed out by Abdulkadir et al. [34], relatively close
values of slug front and tail velocity can be used as an
indication of good flow development. Therefore, by cat-
egorising the different slug structures within a developed
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Figure 9: Slug front and tail velocities of multiple different slugs
encountered at Jg = 0.98m/s and Jl = 1m/s, for both: inclusive
of all slugs (top) and inclusive of only slug fronts of type Figure 5
(a). Horizontal lines indicate: predicted translational velocity (UT )
(black), mean slug front velocity (red) and mean slug tail velocity
(blue).
flow, the variation present for the different structures can
be used as an indication of their stability, or degree of rep-
resentation. Figure 10 shows a comparison between front
and tail velocities of slugs chosen from four separate test-
points (with flow range indicated in caption), covering the
3 slug front structures defined in Figure 5. The plot also
gives an impression of the frequency of each structure type
observed during testing . The results were gathered using
the correlation zone map depicted in Figure 4 (b), with a
small correlation window and by correlating the differen-
tial of the time series. This allowed individual slug velocity
measurement, differentiation between front and tail veloci-
ties, as well as representing conventional cross-correlation.
The black line in Figure 10 indicates where the front and
tail velocities of a certain slug are equal, therefore, points
above this line represent instances where the front is higher
than the tail velocity (i.e. acceleration). The results show
that the most frequent structure type (stable rise (a)) pro-
duces the most consistent similarity between slug front and
tail velocity. Though they indicate that the majority of
10.png
Figure 10: Comparison of slug front and tail velocities for different
slug front structures in 3 separate test points covering flow range of
Jg = 0.47m/s to 2.19m/s and Jl = 1.37m/s to 1.522m/s. Structure
titles refer to those seen in Figure 5.
slugs within this category are accelerating, this is not con-
sidered a problem with respect to flow development, as the
differences in values are relatively small. Structures with
gas cores (b) have a larger variation, with a clear bias for
higher front velocities, as expected. Finally, the unstable
structures also produce a higher variation between front
and tail velocities, with no clear bias.
Gas core structures
As mentioned previously, slug fronts with a gas core,
when measured using the correlation zone maps used for
other structures, tend to overestimate the translational ve-
locity significantly. This can be explained because the
cross-correlation includes the oil annulus as the major-
ity of the measurement, where this structure is propelled
around the pipe circumference at a greater velocity. In
order to counter this, it is assumed that the only part of
the structure which is truly representative of the slug, is
the central core zone, when it eventually fills the cross-
section. Therefore the most suitable zone map to apply to
these slug types would be a conventional annular type, as
shown in Figure 4 (d), whilst only considering the zones
which encompass the core area. The results in Figure 11
are measurements of gas core structure slugs using both
the annular zone map, only considering zone segments that
encompass the core area (annular - centre zones) as well
as cross-correlating the entire cross-section (Figure 4 (a))
named as conventional.
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Figure 11: Comparison of individual gas core structure slug front ve-
locities observed during the three separate experiments indicated in
each plot. Measured through conventional averaged cross-correlation
and using an annular based zone map whilst only taking measure-
ments from the central core zones. Horizontal lines represent: pre-
dicted translational velocity (UT ) (black), averaged values (red and
blue).
The results show that the average velocity value ob-
tained when only using the central zones decreases, and
obtains a figure much closer to the expected. This is due
to the reasons explained previously and provides a viable
solution to measuring the slug translational velocity for
these slug types. However, an important point is that,
due to the smaller region of measurement, it is reasonable
to assume that the reliability of the measurement is some-
what reduced, due to the possibility of some discontinuity
or instability within the core region having more effect
during such measurements. Despite this, the presented
method displays better measurement potential in compar-
ison to the conventional technique of cross-correlation of
the entire measured cross-section, with reference to Figure
4 (a).
Accuracy comparison
To determine if an improvement in accuracy is possi-
ble through the selective based measurement method pre-
sented here, the mixture velocity can be determined from
the measurements for the following different methods:
1. Conventional cross-correlation is tested by applying
the zone map presented in Figure 4 (a), with a large
integration window, giving a single velocity measure-
ment for the data set.
2. The window is reduced to allow individual slug ve-
locity measurement (inclusive of both front and tail)
with averaged values.
3. A small window is combined with cross-correlation
of the differential, zone map depicted in Figure 4
(b), measuring only front structures within category
Figure 5 (a), and the front velocities are solely used.
4. An average of front and tail velocities of the previous
method.
Figure 12 displays the results for this test, along with pre-
dictions outlined in Eq (3) through Eq (8). It is noted that
the more complex zone map used previously for obtaining
velocity profiles (Figure 4 (c)), is not included here. This
is due to results for the selective based methods (3 and 4),
(referring to methods which exclude slugs based on their
front structures), giving similar averaged results when us-
ing either zone map depicted in Figure 4 (b) or (c).
12.png
Figure 12: Comparison of accuracy encountered for the different
methods of cross-correlation and zone maps covering all experiments.
Along with previously derived predictions.
Both axis ranges have been restricted to only cover the
values observed in the tests, this is to ensure that the re-
sults from the different methods can be compared easily,
considering that the differences are relatively small. The
results, overall, show correlation between measurements
and theoretical predictions for all methods, with method
4 producing the most reliable linear trend. Firstly, the con-
ventional method (1) gives a relatively good linear trend,
though variation is reasonably large, and comparable to re-
sults from other non-intrusive devices [22, 8]. Method (2)
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gives a similar trend but with some data points with larger
variation, this can be explained due to unstable slugs hav-
ing a more profound effect on the measurement when con-
sidered individually. Both method (1) and (2) give slightly
higher results than the others, due to the inclusion of less
stable structures with larger velocities at the slug front.
They may also be affected by not distinguishing between
front and tail. Method (3) shows overall lower values but
with similar variation to method (1). Finally, the selective
method with average front and tail velocities (4) gives the
best result. The linear trend is strong with reduced vari-
ation, the data points suggest good correlation with the
prediction of Bendikson [33], including the critical Froude
number boundary.
Method (4) can now be presented in terms of measure-
ment and reference as illustrated in Figure 13. In this
plot, the reference mixture superficial velocity is obtained
from the reference flowmeters as in Figure 12 (Jref =
Qg−ref+Ql−ref
A ), and the measured mixture superficial ve-
locity is obtained by rearranging Eq (3), and using values
of the distribution parameter Co and drift velocity Udj
from Eq (5) through Eq (8), with reference to Eq (4).
13.png
Figure 13: Results of applying method (4) and prediction of Bendik-
son [33] to the measurement of the mixture velocity for all test
points. Compared to reference measurements of the mixture velocity
recorded during testing.
The result shows a good linear trend, where the major-
ity of data points are well within a +/-5% error range, and
close resemblance to the prediction. Measured points at
the lower values of mixture superficial velocity (<2m/s)
appear to have slightly higher error margins, as seen by
Zhang and Dong [22], though more data would be required
to confirm this. Such results are comparable to advanced
metering methods such as ultrasonic doppler sensors [9]
which measure the actual velocity of fluid particles. The
method represented, therefore, provides a basis for ECT
cross-correlation flowmeters to compete with other meth-
ods which are less suitable to oilfield applications.
5. Conclusion
ECTmeasurements were taken for a range of two-phase
oil and gas slug flows in a horizontal pipe. Constructed
images were used to analyse the slug front structures and
determine their individual suitability for measurement of
slug translational velocity. The results provide the follow-
ing conclusions:
• Slug front structures can be categorised broadly into
three groups, two of which are susceptible to accu-
rate cross-correlation.
• Slug tail structures are more consistent in their shape,
with only a single stable type identified throughout
the tests conducted.
• By selecting appropriate zone maps for a given struc-
ture, velocity profiles can be obtained along certain
symmetrical axis depending on the type of slug struc-
ture present.
• Gas core and unstable slug front structures travel at
a higher velocity than the slug translational velocity
and therefore can be detrimental to cross-correlation
type metering.
• The removal of slugs with unstable front structures
can give results more representative of the slug trans-
lational velocity.
• When measured conventionally, unstable and gas core
structures show more disparity between front and
tail velocities.
• Slugs with gas core front structures are more repre-
sentative if only the central zones (using an annular
based map) are measured, though this may compro-
mise their reliability.
• By using selective measurement, differential based
cross-correlation and the average velocity of slug front
and tail, measurements of mixture superficial veloc-
ity can be obtained within +/-5%.
To improve upon this work, more data can be gathered at
a greater resolution over the flow range, including testing
for vertical pipes. This would provide greater clarification
of the obtainable accuracy, but would also demonstrate
the effect of flow parameters and fluid properties on the
frequency of the different slug front structures observed in
this work. Furthermore, in order to recover gas and oil su-
perficial velocities (especially for unstable flows where the
unit cell approach becomes difficult [35]), full automation
of this process is required, where for each slug, structure
identification is carried out, and the corresponding cross-
correlation algorithm is applied.
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